Abstract: A mass spectral library search algorithm that identifies compounds that differ from 12 library compounds by a single 'inert' structural component is described. This algorithm, the Hybrid
Introduction

28
Mass spectral library searching has been integral to compound identification by GC-MS for well 29 over 50 years. [1] [2] [3] In electron ionization (EI) mass spectrometry, ion fragments of an ionized Similarity between any two spectra is quantified by a computed match factor. The basic concept 48 that distinguishes match factors computed using the HSS from more commonly applied spectral 49 matching methods is that both neutral loss and direct fragments contribute equally to the final 50 score. Therefore, if two compounds differ by the insertion/deletion or replacement of structural 51 groups that do not affect the fragmentation mechanism, match factors computed using the HSS 52 will be substantially higher than other methods. This section details the procedures for computing 53 a match factor using the HSS. A brief description of the SSS (sometimes referred to as the Direct
54
Method) is provided prior to a complete description of the HSS. For simplicity, this discussion 55 assumes that spectra are measured at unit mass resolution, as has long been commonplace for EI 56 spectra. Extensions to high mass accuracy spectra are straightforward.
57
Simple Similarity Search
58
The 'Simple' Similarity Search algorithm is a long standing library search approach. 5, 6 A summary 59 of this method is provided to support description of the HSS algorithm.
60
The mass spectrum of a query compound is searched against a library of spectra of known chemical 
where and are the abundance of and , respectively, at unit mass , and is an arbitrary 66 constant. For historical reasons, is 999. Equation (1) was derived for optimal performance, and 67 is similar to other empirically derived expressions found in literature. 6, 11 A Match Factor close to 68 999 is indicative of nearly identical spectra, and a Match Factor approaching 0 occurs when the 69 spectra have no peaks in common. In practice, a score above 800 is commonly considered a 'good' 70 match and a score below 700 a questionable one. The meaning of these values, however, depends 71 in a complex way on both the details of the spectra being compared (numbers of peaks, for 72 example) and, more importantly, on the number of library compounds giving rise to spectra similar 73 to the query compound. Consequently, the identification process requires human evaluation. 
Hybrid Similarity Search
75
The HSS scoring algorithm is a straightforward extension of the SSS. 
where is a vector that contains the appropriately apportioned peak intensity matching 85 information from library and shifted peaks. Figure 1 illustrates ion of mass 164 Da. The spectra of both compounds are shown as a head-to-tail plot in Figure 2 .
127
Let be the vector containing the spectral information of methyl phenylacetate and be the vector 128 for methyl -methylphenylacetate, using (1), the SSS match factor is 126. Alternatively, using (2) 
133
Note that there were no 'multiply matched' peaks in the previous example, and so construction 134 of the hybrid spectrum only required the shifting of peaks. In some cases, a library peak and 135 shifted peak will match the same single query peak. This requires the abundance of the library 136 peak to be split between two masses. Consider the query of 4-fluoro-1,2-diphenylethane against 137 1,2-diphenylethane. Figure 3 shows a head-to-tail plot of the spectra. In constructing the hybrid 138 spectrum, peaks from 1,2-diphenylethane must be shifted by DeltaMass of 18 and intensities 139 split as necessary. For example, the peak at 91 Da in the library spectrum matches a peak at 91
140
Da in the query spectrum and a peak at 109 Da. In this application, we use as a spectrum of an 'unknown' compound, the spectrum of Valine, 2 181 trimethylsilyl (TMS). In effect, we logically remove it from the library. Table 1 presents the top 182 ten hits from its search using the HSS. To assess the quality of hit-lists generated using the search algorithms, we define 'fentanyl-related 205 compounds' (FRCs) using using Scheme 1 where R 1 , R 2 , R 3 and R 4 can contain any or no 
183
243
In the 5 queries where the hit lists of the HSS and SSS contained the same number of FRCs, the 244 average match factor of FRCs identified using the HSS is 815 whereas the average score using the 245 SSS is 699. This result demonstrates that the HSS matches more peaks (hence the higher average 246 score).
247
The plots shown in Figure 6 provide an overview of relationship by spectral similarity score respectively, and FRCs are defined in Table 2 .
Scheme 2: Scoring between types of fentanyl related compounds. FRC labeling is consistent with Table 2 .
260
As expected, the single modification from FRC 18 to 19 produces a high HSS score between the 
both the (a)Simple (SSS) and (b) Hybrid Similarity Search (HSS) algorithms as distance measures. Darker squares indicate higher
scores for the corresponding FRC pairs (x,y axes), which are represented by numbers and listed in Appendix B.
269
Beyond a class identification, a key feature of the HSS algorithm is that its output can be used to 270 aid chemical structure determination. This is illustrated using FRC 10 in Table 2 as the
271
'unknown'and five hits generated using a HSS provided as the replacement of a methyl group in each library compounds by a fluorine atom in the unknown.
278
All of these findings are consistent with compound 11 in 
293
Measurement noise is an important factor when discussing the performance of a library search.
294
The types of noise that can affect a mass spectrum are varied, ranging from the instrumentation 295 used to collect the spectrum to the chemical nature of the analyte. In general, however, the effect 296 of noise on the computation of a hybrid match factor is comparable to its effect on simple match 297
factors. An example computation of "random mass low abundance" noise effects computed 298 match factors with a query of fentanyl is provided in Appendix A. A noisy spectrum altered the 299 computed hybrid match factors between -20 and -42 points than a "clean" spectrum. Similarly, a 300 noisy spectrum altered computed simple match factors between 6 and -85 points.
301
We also note that because of the high degree of non-uniformity of 'small molecule' search 302 space 1 as compared to the rather regular spectra of, for example, peptides, it does not appear 303 possible to compute false discovery rates (FDR), as is common practice in proteomics 22, 23 .
304
Hundreds of 'classes' of compounds and distinct fragmentation behaviors are found among small 
Additional Application: Nominal Mass Identification
309
While use of the HSS requires the molecular mass of the search spectrum, the search itself can be 310 used for estimating this value. The hybrid search will produce significantly higher scores when the 311 correct molecular mass for the query spectrum is used and significant matching neutral loss peaks 312 are present (i.e. the shift employed as DeltaMass is not an arbitrary value). Accordingly, the 313 difference between HSS and SSS match factors should maximize when the assumed molecular 314 mass entered is correct. To demonstrate this idea, we use the following expression to measure the 315 extent of score elevation from application of the hybrid search for the top n hits:
which is simply the average increase in score for the top n hits scaled by the computed HSS 317 match factor. This scaling places extra weight on hits with higher HSS scores, which are more 318 likely to be correct. Making this measurement for hit lists generated over a series of nominal 319 mass estimates, the correct nominal mass of the query can be identified by finding the estimate 320 that gives a maximum Ω value. This method is illustrated in Figure 7 for fentanyl, which lacks a 321 molecular ion. The score improvement for the top ten members of the hit list, Ω 10 , changes as a The simplicity of this calculation, as well as the small value of this match factor, is due to there being only one shared fragment among the query and library spectra -the fragment peak at mass 15 Da.
Computation of a Hybrid Match Factor requires the construction of a Hybrid Spectrum ( ). This non-physical spectrum is created by comparing peaks in the query spectrum to those from the library spectrum that have been shifted by DeltaMass, and assessing whether the shifted peaks improve the computed match factor. DeltaMass is the nominal mass difference between the query compound and library compound. Using the same example compounds and spectra, DeltaMass is -25 Da. Accordingly, the Hybrid Spectrum would be constructed as follows: Notice that in the case of the first library peak (15 Da), the shift by DeltaMass results in a peak that is physically impossible, and does not improve correspondence with the query spectrum. In the case of the second peak, the shift results in improved correspondence with the query spectrum. The computed Hybrid Match Factor: Example 3. A slightly more complicated scenario arises when original and shifted peaks from the library spectrum correspond with peaks from the query spectrum. An example of this scenario arises when computing the spectral similarity of 4-fluoro-1,2-diphenylethane and 1,2-diphenylethane as discussed in Figure 3 of the main manuscript.
For this pair of compounds, DeltaMass is 18 Da. Rather than show peak-by-peak construction of the hybrid spectrum as we had for the previous examples, we highlight where peaks in the query spectrum match both original and shifted peaks from the library spectrum. We note that this is the approach of our implementation of the hybrid search and appears to provide expected results. However, alternative strategies may provide reasonable results as well.
Example 4: Effect of Noise -In this section we show that 'noise' is not expected to have any special effect on the hybrid versus a conventional score. For this purpose, we use a good quality spectrum of fentanyl (a) versus a 'noisy' spectrum (b) shown as Figure A1 . The match factor between clean fentanyl (a) and the fentanyl spectrum contained in the NIST 17 EI Library is 974. The match factor between the noisy fentanyl (b) and that contained in the library is lower by 44 points.
Figure A1: Fentanyl spectra considered in this example, where (a) is a 'clean' reading, and (b) is a 'noisy' spectrum.
The simple match factor (sMF) for these spectra with the library spectra for 3-methylfentanyl is 378 for fentanyl (a) and 30 points lower for noisy spectrum (b). The hybrid match factor (hMF) between the 'clean' fentanyl (a) and 3-methyfentanyl is 968, and the hMF using the 'noisy' fentanyl (b) is 20 points lower. Table A1 shows changes in match factors due to noise for the fentanyl spectra from Figure A1 searched against fentanyl related spectra in the NIST 17 EI library. Taken together, these results demonstrate that the effect of noise on computed match factors is modest and comparable regardless of method (simple vs hybrid). 
